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Methods. All 100 of the participants in the Osteoarthritis Initiative who underwent knee replacement and whose medical records included data on thigh isometric muscle strength and magnetic resonance imaging (MRI) (58 women, and 42 men, mean AE SD age 65 AE 8 years, mean AE SD body mass index [BMI] 29 AE 5 kg/m 2 ) were matched with a control (no knee replacement) for age, sex, height, BMI, and radiographic severity. Thigh muscle anatomic cross-sectional area was determined by MRI at the research visit before knee replacement (time 0) and 2 years before time 0 (time À2). Specific strength (strength/anatomic cross-sectional area) was calculated, and the measures were compared by conditional logistic regression (i.e., odds ratio [OR] per standard deviation). ORs adjusted for pain (OR adj ) and 95% confidence intervals (95% CIs) were also calculated.
Results. Knee replacement cases had significantly smaller extensor (but not flexor) anatomic cross-sectional areas than controls at time 0 (women, OR adj 1.89 [95% CI 1.05-3.90]; men, OR adj 2.22 [95% CI 1.04-4.76]), whereas no significant differences were found at time À2. Women who had knee replacement showed lower levels of extensor specific strength than controls at time 0 (OR 1.59 [95% CI 1.02-2.50]), although this difference was not observed in men and did not maintain significance after adjustment for pain (OR adj 1.22 [95% CI 0.71-2.08]). Female cases lost significantly more extensor specific strength between time À2 and time 0 than controls (OR adj 3.76 [95% CI 1.04-13.60]), whereas no significant differences were noted at time À2, or in men.
Conclusion. Prior to knee replacement, a significant reduction in knee extensor strength appears to occur in women through 2 mechanisms: one driven by pain (loss of specific strength) and one independent of pain (loss of muscle anatomic cross-sectional area). Men who underwent knee replacement showed significantly reduced levels of extensor anatomic cross-sectional area, but not significantly lower strength or specific strength.
In an effort to improve pain and function associated with end-stage knee osteoarthritis (OA), >600,000 total knee replacements are performed annually in the US (1) . This number is expected to increase to 3.5 million per year by 2030, resulting in significant increases in the health and economic burden caused by OA (1). These increases reinforce the urgency of identifying strategies for modifying the risk of knee replacement surgery due to progressive knee OA.
This article was prepared using an Osteoarthritis Initiative (OAI) public-use data set, and its contents do not necessarily reflect the opinions or views of the OAI Study Investigators, the NIH, or the private funding partners of the OAI. The OAI is a public-private partnership between the NIH (contracts N01-AR-2-2258, N01-AR-2-2259, N01-AR-2-2260, N01-AR-2-2261, and N01-AR-2-2262) and private funding partners (Merck Research Laboratories, Novartis Pharmaceuticals, GlaxoSmithKline, and Pfizer, Inc.) and is conducted by the OAI Study Investigators. Private sector funding for the OAI is managed by the Foundation for the NIH. Thigh muscle weakness has been identified as a determinant of radiographic and symptomatic knee OA incidence and progression (2, 3) . In a recent matched case-control study of adults with knee OA from the Osteoarthritis Initiative (OAI), we identified thigh muscle weakness as a predictor of knee replacement in women, independent of disease severity and pain (4). However, this relationship was not observed in men (4) .
Given the modifiable nature of muscle strength, these findings identify a potential therapeutic strategy to modify the risk of knee replacement in women. However, the mechanisms driving the sex-specific relationship between muscle weakness and knee replacement (and other knee OA outcomes) are unknown, but are important in directing individualized treatment strategies to counteract deficits in muscle strength. For example, deficits in the muscle anatomic cross-sectional area have been reported in symptomatic knee OA (5) and may be responsible for loss of muscle strength prior to knee replacement. Conversely, loss in muscle specific strength (e.g., strength per anatomic cross-sectional area) has recently been identified to play a role in onset of knee OA in women (6) and would require different therapeutic approaches (e.g., interventions targeting muscle activation impairments, such as muscle biofeedback or neuromuscular electrical stimulation) as compared with a situation in which reduction in muscle anatomic cross-sectional area is the only mechanism that is responsible for muscle strength deficits. In order to establish the mechanisms behind thigh muscle weakness and knee replacement risk observed in women (4), we undertook the present study to determine how thigh muscle anatomic cross-sectional area and/or specific strength, or longitudinal changes in these measures, independently impact risk of subsequent knee replacement in men and women.
PATIENTS AND METHODS
Participants. All OAI participants who were included in our recent analysis of muscle strength prior to knee replacement (4) were eligible for inclusion in the current analysis. Briefly, all OAI participants who reported having had knee replacement at any annual OAI visit between 12-and 60-month follow-up, and who had thigh muscle strength assessed within the 2 years prior to knee replacement, were eligible as cases (n = 136) (4) . Only cases with T1-weighted axial spin-echo magnetic resonance imaging (MRI) acquisitions of the thigh at the same time points could be included in the current analysis (1 knee per person; n = 100). In the OAI, thigh isometric muscle strength measurements and thigh MRIs were obtained biennially (i.e., baseline, 24-month, and 48-month visits). In some participants, muscle strength measurements and thigh MRIs were obtained at 12-month and/or 36-month visits instead of baseline and/or 24-month visits. The time point at which muscle strength and MRI examinations were analyzed as preceding knee replacement (time 0) was within a window of 2 years prior to knee replacement (e.g., for a knee replacement detected at the 36-month visit, time 0 was the 12-or 24-month measurement, whichever was available, and for a 48-month knee replacement, time 0 was the 36-or 24-month measurement). The time point 2 years prior to time 0 was termed time À2 (4).
Controls (1 knee per person) were selected from OAI participants who had not received a knee replacement in either knee between baseline and 60-month follow-up and had muscle strength and MRI assessments at the same time points as knee replacement cases. Cases and controls were matched 1:1 by sex, age (AE5 years), height (AE5 cm), body mass index (BMI) (AE3 kg/m 2 ), knee replacement limb (dominant [preferred kicking leg] versus nondominant), baseline Kellgren/Lawrence (K/L) score (7) (grades 0-4) from the central readings, as well as presence and location (i.e., medial/lateral joint space narrowing [JSN]) of baseline compartmental involvement. Due to a lack of thigh MRIs at time 0 in 3 controls from our recent analysis of this cohort (4), we rematched these ineligible controls with new eligible OAI controls with thigh MRIs. The OAI was approved by local ethics committees and participants gave informed consent for OAI public database inclusion.
Evaluation of muscle strength and anatomic crosssectional areas. Maximal isometric knee extensor and flexor strength had been measured with the Good Strength Chair (Metitur), at 60°of knee flexion, as previously described (4). Muscle anatomic cross-sectional areas of the quadriceps and hamstrings were measured from axial MRI at anatomically consistent locations (33% femoral length; distal-to-proximal) (6) using custom semi automated software developed at our institution (8) . This method has been shown to display reliability and validity in longitudinal studies (8) . To account for remaining differences in body size (despite the matching procedure), anatomic cross-sectional areas were normalized to femoral size (femur anatomic cross-sectional area from same MRI slice). Specific strength was calculated as strength per unit anatomic cross-sectional area (N/cm 2 ) (6). We used strength measurements directly (not muscle torque) to estimate muscle strength, because both the lever arm between the load cell and joint center and that between the muscle tendons and joint center depend on body size and are roughly proportional (9) .
Statistical analysis. After confirming normality, paired t-tests between sex-specific case-control pairs were conducted for extensor and flexor anatomic cross-sectional area and specific strength at time 0 and time À2, and for change between time À2 and time 0. Further, sex-specific case-control conditional logistic regression (case-control odds ratios [ORs] per standard deviation) was performed, for extensor and flexor anatomic crosssectional area and specific strength at time 0 and time À2, and for longitudinal change between time À2 and time 0. The casecontrol ORs were additionally adjusted for the effect of pain (4), using standard categories of no pain, infrequent pain, and frequent pain (based on most days of a month in past 12 months). Analysis was performed using SPSS version 23.0 software. P values less than 0.05 were considered significant.
RESULTS
Of the 136 OAI participants who had a confirmed knee replacement up to the 60-month visit (4), 36 cases could not be included in the current analysis because THIGH MUSCLE ANATOMIC CROSS-SECTIONAL AREA AND SPECIFIC STRENGTH IN KNEE OA 223 thigh MRI was not available at time 0. Baseline age, sex, BMI, K/L grade, or distribution of JSN of the 36 cases who did not have thigh MRI available at time 0 did not differ from that of the 100 cases included in the current analysis (P > 0.05). MRI and strength data were available for 58 female pairs at time 0, and also for 30 at time À2, while these data were available for 42 male case/control pairs at time 0, and for 25 at time À2 (Table 1) . Thigh muscle strength differences between cases and controls were of similar magnitude in the current 100 matched pairs to those observed in the larger sample of 136 matched pairs previously reported (4) ( Table 1) . Extensor and flexor anatomic cross-sectional area and specific strength in women. Female cases displayed less extensor anatomic cross-sectional area at time 0 compared with matched controls (P = 0.041 by paired t-test, unadjusted P [P unadj ] = 0.049, adjusted P [P adj ] = 0.033), but not at time À2 (Table 2 ). No differences in flexor anatomic cross-sectional area were observed between cases and controls at time 0 or time À2. Differences in the 2-year longitudinal change of extensor anatomic cross-sectional area from time À2 to time 0 between cases and controls did not reach statistical significance.
Knee extensor specific strength was significantly lower in cases than in controls at time 0 (P = 0.032 by paired t-test) in unadjusted analyses, although the difference did not maintain statistical significance after adjustment for pain (P = 0.471). No significant differences in any of the above measures were observed at time À2. Female knee replacement cases lost significantly more extensor specific strength between time À2 and time 0 (mean AE SD -1.1 AE 1.5 N/cm 2 versus 0.3 AE 1.8 N/cm 2 ; P = 0.002 by paired t-test, P unadj = 0.011, P adj = 0.043) than their matched non-knee replacement controls. Flexor specific strength and its longitudinal change, in contrast, were not significantly associated with knee replacement. Similar results were observed in sensitivity analyses using muscle torque (Nm/cm 2 ) (see Supplementary Table 1, available Extensor and flexor anatomic cross-sectional area and specific strength in men. Similar to female cases, male cases displayed less extensor anatomic crosssectional area at time 0 compared with their matched controls (P = 0.011 by paired t-test, P unadj = 0.020, P adj = 0.039), but not at time À2 (Table 3) . No statistically significant differences in knee flexor anatomic cross-sectional area or specific strength were, however, observed at any time point between male cases and controls, or for the change in knee extensor or flexor anatomic cross-sectional area and specific strength. There was a trend toward male knee replacement cases displaying somewhat greater (rather than reduced) specific strength compared with their matched controls at time 0 and time À2.
DISCUSSION
To elucidate mechanisms behind thigh muscle weakness and clinical progression of knee OA, we explored whether loss in thigh muscle anatomic cross-sectional areas * If a case participant had a knee replacement (KR) at time 0 in both knees, the one that had been replaced earlier was included. However, if both had been replaced at the same time point, the knee with the lower Kellgren/Lawrence grade at baseline was analyzed. Except where indicated otherwise, values are the number (%) of participants. NA = not applicable. † The dominant leg is the leg participants would use to kick a ball. ‡ Time 0 was the examination prior to knee replacement (≤2 years). 
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or specific strength increase knee replacement risk. In this study, we found that significant deficits in knee extensor anatomic cross-sectional area preceded knee replacement in both men and women, independent of age, BMI, disease severity, and pain, when measured at a time point within 2 years prior to surgery (i.e., time 0). Moreover, female knee replacement cases displayed 10% lower knee extensor specific strength than controls at time 0, but these differences did not remain statistically significant after adjustment for pain. Male knee replacement cases, in contrast, displayed slightly higher muscle specific strength (5%) than matched controls without knee replacement. Interestingly, over a 2-year observational period prior to knee replacement, female knee replacement cases displayed a significantly greater longitudinal loss of knee extensor specific strength than female controls; this loss exceeded that in male knee replacement cases by a factor of 10. Hence, this study is the first to suggest that muscle weakness preceding clinical progression of knee OA to knee replacement in women is caused by both deficits in muscle anatomic cross-sectional area (independent of pain) and specific strength (dependent on pain), whereas no deficits in muscle specific strength were apparent in men prior to knee replacement.
The results of the current study help to clarify the sex-specific mechanisms behind the recently observed relationship between clinical measures of muscle strength and OA incidence and progression (4, 6) . Specifically, there appear to be 2 mechanisms contributing to the strength deficits that increase knee replacement risk in women (4)-one that is driven by pain (specific strength deficit) and one that is independent of pain (anatomic cross-sectional area deficit). Specific strength reflects the availability of contractile tissue per unit area of muscle and/or the ability to activate existing muscle fibers, with the latter potentially being affected by pain through either a reduction in neural activation or a reluctance of individuals with pain to maximally contract (10). Muscle anatomic cross-sectional area, in contrast, is a structural feature that is potentially less influenced by pain.
In contrast to women, deficits in muscle anatomic cross-sectional area in male knee replacement cases were accompanied by a somewhat greater specific strength than in their matched controls. Although this apparent compensatory mechanism may be a chance finding given the relatively small number of men in our study, it does potentially help to explain the lack of significant differences in muscle strength between male knee replacement cases and controls that we observed previously (4) . Similar sex-specific responses of muscle specific strength have also recently been observed in those at risk of incident knee OA, with thigh muscle specific strength maintained in men with greater BMI, but not in women (6) .
The presence, persistence, and particularly the worsening of disabling pain are key criteria for patient decisions to undergo knee replacement. The loss of a significant relationship between knee extensor specific strength in women at risk of knee replacement (at time 0) after adjustment for pain suggests that the mechanism through which muscle weakness impacts knee replacement risk in women is dependent on pain. Our previous study showed that muscle weakness in women was associated with subsequent knee replacement risk independent of pain (4), likely through a mechanism involving greater loss of anatomic cross-sectional area prior to knee replacement compared with non-knee replacement controls.
Consistent with these findings, anatomic crosssectional area has been shown to be an important driver of muscle deficits that cause incident knee OA in older women (11) . In the Multicenter Osteoarthritis Study (MOST), knee extensor specific strength in women was predictive of worsening JSN whereas muscle mass was not, while neither was predictive of worsening JSN in men (12) . Importantly, analyses in the MOST study were not adjusted for pain, which would likely attenuate the predictive capacity of specific strength as we observed in the current study. Additionally, muscle mass was assessed as total thigh lean mass by dual x-ray absorptiometry rather than in isolated muscle groups (as possible by MRI). Our finding that male knee replacement cases appear to compensate for a significant loss of muscle anatomic crosssectional area by somewhat increased specific strength explains why we did not previously observe a relationship between muscle strength and knee replacement risk in men. The somewhat greater specific strength in male knee replacement cases may also help to explain why in some reports of radiographic knee OA progression, male cases displayed increased knee extensor strength prior to progression (13) .
Interestingly, muscle anatomic cross-sectional area and specific strength in male knee replacement cases and controls were relatively stable over the 2-4-year period prior to knee replacement (<3% loss), whereas female knee replacement cases displayed a significantly greater longitudinal loss of knee extensor specific strength over the same period (up to 18%) compared with female control knees. This longitudinal loss of specific strength remained a significant predictor of knee replacement, even after adjustment for pain. Importantly, the reports of pain at the start of the observational period (i.e., time À2) were used to adjust case-control ORs, consistent with our previous analyses, which may have resulted in lower pain levels being included in the model compared with time 0.
These findings suggest that women have a more dramatic loss of muscle specific strength prior to knee replacement than men and highlight the importance of addressing muscle specific strength deficits (i.e., an inability to activate existing muscle tissue or increase noncontractile tissue) in those with or at risk of knee OA. Such interventions may need to have a greater focus on addressing fear and confidence, which can influence muscle activation capacity, or on maintaining contractile tissue per muscle unit area. While eccentric strength training may more effectively increase muscle anatomic cross-sectional area and neural adaptations than concentric approaches (14) , any heavy resistance training is likely to improve neural activation through increasing motor unit firing frequency and recruitment (15) . The utility of specific muscle activation interventions (such as muscle biofeedback and neuromuscular electrical stimulation) as well as interventions addressing confidence, fear, and motivation should be a focus of future research.
We evaluated only a limited period of time prior to knee replacement, and it is possible that changes in thigh muscles prior to this window are also important in predicting future progression to knee replacement. However, the lack of significant findings earlier than 2-4 years prior to knee replacement (4) suggests that muscle characteristics in the immediate years prior to knee replacement are most strongly implicated in progression risk. The relatively few eligible participants within the total OAI cohort with a knee replacement limited the number of included cases to 100. The strict matching approach used to select the 100 controls ensured that the potential confounding effects of radiographic severity, BMI, age, and sex were addressed. Although we analyzed measures of muscle strength, morphology (anatomic cross-sectional area), and quality (specific strength), the OAI did not include measures of voluntary muscle activation (e.g., electromyography), which may provide additional information on knee replacement risk.
In conclusion, the current study is the first to suggest that muscle strength deficits preceding clinical progression of knee OA to knee replacement in women appear to occur through 2 mechanisms: one driven by pain (loss in specific strength) and one independent of pain (loss in anatomic cross-sectional area), whereas men with knee replacement displayed lower extensor anatomic cross-sectional area, but not strength or specific strength.
These findings reveal potential specific targets for treatment of muscle impairments in men, and particularly in women, with knee OA.
